Objectives-The aim of this study was to establish reference ranges for the corpus callosum in infancy and to clarify how sexual dimorphism evolves between the fetal stage and infancy.
T he corpus callosum, the largest white matter structure in the human brain, is responsible for normal communication and cooperation between the two hemispheres. Studies have suggested that callosal morphologic differences are related to various pathologic conditions [1] [2] [3] [4] [5] [6] and individual differences in functional lateralization and specialization. [7] [8] [9] [10] [11] Corpus callosum sexual dimorphism is related to sexual differences in neuropsychological behaviors. 6, 12, 13 The corpus callosum differs between men and women. Sexual dimorphism in the human corpus callosum was first suggested by de Lacoste-Utamsing and Holloway 14 in 1982. Women were reported to have a larger splenium and corpus callosum area than men after adjustment for the comparatively small brain size measured in women. Subsequent studies on corpus callosum size differences were not consistent, with several studies showing larger measurements in men 9, 10, 15, 16 or women [17] [18] [19] or no significant difference. [20] [21] [22] [23] According to a series of meta-analyses and recent studies, the absolute size of the corpus callosum is larger in men than in women. 9, 15, 16, [24] [25] [26] [27] In studies on preterm individuals, a reduced corpus callosum size has been correlated with a low IQ, poor motor and language performance, and neuropsychological impairment. 2, [28] [29] [30] [31] Reference values for the corpus callosum are important for the evaluation of brain development and diagnosis of abnormal development of the corpus callosum, such as hypogenesis and dysgenesis.
According to a review of relevant literature, no study on corpus callosum size and infant corpus callosum sexual dimorphism has been conducted. Studies that have focused on the fetal corpus callosum have shown that female fetuses have a thicker corpus callosum than male fetuses. 32, 33 Thus, we collected data on typical corpus callosum development to establish reference ranges for the corpus callosum in male and female infants separately and determined how sexual dimorphism evolves between the fetal stage and infancy.
Materials and Methods
Sonograms used in this study were collected at a single hospital in Taiwan and obtained by the same pediatric neurologist. The study was approved by the Institutional Review Board, and the requirement of informed consent was waived. We enrolled healthy infants who underwent cerebral ultrasonography (US) for routine screening or minor problems.
Normal sonograms from cerebral US examinations of 1-to 6-month-old healthy full-term infants (gestational ages, 37-40 weeks) were selected. We attempted to obtain a total of 240 sonograms from 240 different infants: 20 sonograms each from the male and female infants for each month. The cerebral US scans were performed with a Sonoline G60S real-time scanner equipped with a multifrequency high-resolution transducer (5.0 P10, 4-6.5 MHz; Siemens Medical Solutions, Mountain View, CA). The US examination was done through the anterior fontanel with sagittal and coronal planes. The head circumference was measured immediately before the US examination, around the occiput of the skull to the anterior-most portion of the frontal bone.
In the midsagittal view, as described previously, the corpus callosum length was measured from the anteriormost part of the genu to the posterior-most part of the splenium ( Figure 1A) . 2, 23, 32 The corpus callosum coronal thickness was measured on the midcoronal plane as a hypoechoic band between two echogenic lines, as described previously ( Figure 1B) . 2, 32 Furthermore, the corpus callosum body thickness at the midsagittal plane was measured at the site beneath the anterior fontanel and above the foramen of Monro ( Figure 1A) . 23 Coronal and sagittal corpus callosum thicknesses were averaged to determine the corpus callosum thickness.
Data were analyzed with SPSS version 17.0 software for Windows (IBM Corporation, Armonk, NY). The mean and standard deviation were calculated to define the standard corpus callosum size range, and the typical values (5th-95th percentiles) of the corpus callosum were determined for each group. Independent-samples t tests were used to determine whether the corpus callosum length or thickness values had statistically significant differences according to sex. P < .05 was considered statistically significant in 2-tailed comparisons.
Two methods were used to normalize the brain size. First, the corpus callosum length and thickness values were divided by the head circumference values, and an independent-samples t test was used to determine significant differences in the adjusted corpus callosum length or thickness values according to sex. Second, a Figure 1 . On the midsagittal plane (A), the corpus callosum length was measured from the anterior-most part of the genu to the posterior-most part of the splenium (double-headed arrow), and the thickness was measured between the echogenic lines (between hollow arrows). On the midcoronal plane (B), a hypoechoic band between the echogenic lines was measured as the thickness (between arrows).
regression analysis was performed to control for the confounding effects of brain size. The level of statistical significance for all analyses was set to P < .05 by using a 2-tailed comparison.
Results
A total of 236 sonograms (120 male and 116 female) were collected from the examinations of the healthy fullterm 1-to 6-month-old infants. For each month, we obtained 20 sonograms each from the male and female infants; however, only 16 normal sonograms were available for 3-month-old female infants. Table 1 lists the standard corpus callosum length and thickness values (5th-95th percentiles).
The corpus callosum thickness did not increase markedly in the first 3 months in the male and female infants. The corpus callosum was significantly thicker in the female infants than in the male infants at ages of 1 and 2 months. The corpus callosum thickness in the male and female infants had no statistically significant differences from 3 months onward. The corpus callosum thickness still showed a statistically significant sexual difference at ages of 1 and 2 months after the thicknesses were adjusted for brain size relative to the head circumference or after statistical control for the head circumference in the regression model, and no statistically significant sexual differences from 3 months onward were observed (Table 2 and Figure 2 ).
The corpus callosum was longer in the female infants than in the male infants at ages of 1, 2, 3, 5, and 6 months; however, no statistically significant difference was observed in the corpus callosum length between the male and female infants at all ages before head size adjustment. By contrast, the corpus callosum length showed a statistically significant sex-related difference after adjustment for the smaller female head circumference relative to the male head circumference, but this difference was inconsistent among the age groups. The corpus callosum was significantly longer in the female After adjustment for head circumference (corpus callosum thickness or length/head circumference).
Chang et al-Normal Development and Sexual Dimorphism of the Corpus Callosum in Infancy infants than in the male infants at ages of 1, 3, and 6 months after adjustment for head circumference. The corpus callosum in the female infants was significantly longer than that in the male infants at ages of 2, 3, and 5 months after head size adjustment in the regression model (Table 2 and Figure 2 ).
Discussion
This study provides reference data on typical corpus callosum development in infants and reveals that, independent of the brain size, the corpus callosum is significantly thicker in female infants than in male infants during the first 2 months after birth (Figure 2 ), and the sexual dimorphism becomes nonsignificant from 3 months onward. This finding is compatible with the conclusions of previous studies on corpus callosum sexual dimorphism in the fetal period. We reviewed studies on corpus callosum sexual dimorphism in the fetal and neonatal period, infancy, and childhood and summarized them in Table 3 . 2, 17, 20, 23, [33] [34] [35] [36] [37] Although the parameters measured were not equivalent, all studies on the fetal and neonatal period demonstrated that the corpus callosum was thicker in female fetuses than in male fetuses. Achiron et al 17 reported that female fetuses showed a significantly thicker corpus callosum than male fetuses at all gestational ages. Two studies showed statistically nonsignificant sexual dimorphism in some subregions of the corpus callosum, but almost all corpus callosum subregions in those studies showed that the corpus callosum was thicker in female fetuses than in male fetuses. Hwang et al 37 showed that 4 of 5 subregions were thicker in female neonates, although only splenial sexual dimorphism was statistically significant. In addition, de Lacoste et al 36 showed a thicker corpus callosum in all subregions (genu, body, and splenium) in female fetuses at gestational ages of 33 to 41 weeks, but this difference was nonsignificant because the sample size was small.
No corpus callosum thickness-related sexual dimorphism was observed in infants aged 3 months and older irrespective of head size adjustment, which was in agreement with the results of studies examining childhoodrelated dimorphism (Table 3) . 20, 23, 34, 35 The first study on corpus callosum dimorphism during childhood was conducted by Bell and Variend 34 in 1985, and they detected no differences in the splenium width or area between male and female children. Most subsequent studies demonstrated no corpus callosum sexual dimorphism in childhood. Allen et al 35 reported that although significant sexual differences in the corpus callosum shape were observed, corpus callosum areas were the same in boys and girls aged 2 to 16 years.
The sexual dimorphism in the fetal period and early infancy shows a reversed pattern compared with adult sexual dimorphism. Studies have generally determined the absolute size of the corpus callosum to be greater in men than in women. 9, 15, 16, [24] [25] [26] [27] However, the corpus callosum is thicker in female fetuses than in male fetuses. 17, 33, 36, 37 The evolvement of significant corpus callosum sexual dimorphism from the fetal period (thicker in female than in male fetuses) to adulthood (thicker in men than in women) is separated by a stage of insignificant sexual dimorphism in childhood, indicating that early infancy and puberty are turning points in brain development and that gonadal hormones exert a substantial influence on brain development.
Sexual differences in the corpus callosum are attributed to genetic, hormonal, or environmental effects or a Figure 2 . Mean corpus callosum thickness and length at ages of 1 to 6 months. The female corpus callosum is thicker than the male at ages of 1 and 2 months. Chang et al-Normal Development and Sexual Dimorphism of the Corpus Callosum in Infancy combination of these factors. 38, 39 The first study focused on the fetal corpus callosum, conducted by de Lacoste et al 36 in 1986, suggested that gonadal hormones influence differentiation of the corpus callosum in the uterus. Binding of gonadal hormones to specific receptors in the cell nucleus affects the transcription of a variety of genes. Estradiol and estrogen receptors are at the highest levels in the brain prenatally or in the first few days after birth and then gradually decline to adult levels. 40 Estrogen promotes neurogenesis and synaptic growth directly or through the stimulation of g-aminobutyric acid-ergic neurons. 40 Estradiol along with various signaling molecules, including prostaglandins, glutamate, g-aminobutyric acid, granulin, and focal adhesion kinase, facilitates sex differentiation at the brain level, but the mechanism of this action remains unknown. 40 The real factors that influence corpus callosum growth are undetermined; however, these findings indicate that maternal factors may influence corpus callosum development in the fetal period.
Several studies in animal models have confirmed the role of gonadal hormones in corpus callosum axon myelination. Estradiol has been suggested to have an essential role in promoting efficient corpus callosum myelination and increasing the number of oligodendrocytes in animal models. 39, 41 Furthermore, a study on brain development during puberty in adolescents demonstrated that sex steroids were related to sexual differences in the white matter microstructure. 42 Moreover, sex chromosomes have been suggested to play a role in mediating the differential rates of remyelination observed in male and female mice. 38, 39 Although the exact mechanism of corpus callosum sexual dimorphism remains uncertain, we speculate that the maternal and placental gonadal hormones influence corpus callosum development. When neonates are disconnected from their mothers and the placenta, sexual dimorphism in the corpus callosum gradually becomes insignificant.
No statistically significant sexual dimorphism was observed in the corpus callosum length before head size adjustment. After the corpus callosum size was adjusted for head circumference relative to brain size or statistically controlled for brain size in the regression model, the corpus callosum length showed significant sexual dimorphism in several age groups: the female corpus callosum was longer than the male corpus callosum after head size was controlled for. The difference after adjustment may have been due to the larger male brain size relative to the female size. This result demonstrates that different manipulations of the same raw data may produce discordant results, and different approaches for head size normalization and analysis are not necessarily equivalent and interchangeable. 25 Several studies on adults have suggested that, regardless of whether sexual differences are found in the corpus callosum size relative to the brain size or in the corpus callosum after statistical control for brain size, the observed corpus callosum difference is not sex specific but attributable to differences in brain size. 25, 27, 43, 44 The results of previous studies on corpus callosum sexual dimorphism remain controversial for several reasons. 25, 35 First, studies have used small sample sizes and heterogeneous participants. The participants often were not categorized according to age or handedness, which are considered possible confounders of corpus callosum sexual dimorphism. 7, 9, 45 Second, studies have used various methods for corpus callosum measurement. Several studies measured the corpus callosum length or thickness, whereas other studies measured the subarea sizes of different corpus callosum parts; moreover, studies have used different partitioning methods. 17, 20, 23, [33] [34] [35] [36] [37] Third, interindividual differences in the corpus callosum size and shape are substantial. 23, 35 This high morphologic variability accounts for possible difficulties in determining the corpus callosum size and requires large sample sizes to show significant sexual dimorphism. Fourth, statistical methods for normalizing brain size differ. Measuring variables relative to brain size or implementing statistical control for brain size may lead to variable results and conclusions. 46 By comparing the corpus callosum thickness of same-aged infants from a relatively large sample and analyzing data by using different statistical methods, we attempted to overcome confounders in sexual dimorphism analysis.
The study limitations included the numbers of infants in each age group, the cross-sectional study protocol, and the collection of simple corpus callosum US parameters. Although the corpus callosum, the largest white matter structure in the brain, can be discretely identified, showing equally sharp images on computed tomography, magnetic resonance imaging (MRI), and US, because of its diminutive size and extremely variable morphologic characteristics, further studies using highresolution MRI measuring the total size and subarea of the corpus callosum will provide more precise measurements and more detailed information. A longitudinal study examining a higher number of infants using MRI will further confirm the change in corpus callosum sexual dimorphism during infancy.
In conclusion, this study fills the gap left by previous studies that have examined corpus callosum development during the fetal stage and childhood. In the fetal period and early infancy, the female corpus callosum is thicker than the male corpus callosum. Corpus callosum thickness sexual dimorphism is significant in the fetal period but not significant in childhood. The evolution of corpus callosum sexual dimorphism suggests that maternal factors, such as gonadal hormones, may influence fetal and infant brain development.
